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Effect of Chain Length and Unsaturation on Elasticity of Lipid Bilayers
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ABSTRACT Micropipette pressurization of giant bilayer vesicles was used to measure both elastic bending k. and area
stretch K, moduli of fluid-phase phosphatidylcholine (PC) membranes. Twelve diacyl PCs were chosen: eight with two 18
carbon chains and degrees of unsaturation from one double bond (C18:1/0, C18:0/1) to six double bonds per lipid (diC18:3),
two with short saturated carbon chains (diC13:0, diC14:0), and two with long unsaturated carbon chains (diC20:4, diC22:1).
Bending moduli were derived from measurements of apparent expansion in vesicle surface area under very low tensions
(0.001-0.5 mN/m), which is dominated by smoothing of thermal bending undulations. Area stretch moduli were obtained from
measurements of vesicle surface expansion under high tensions (>0.5 mN/m), which involve an increase in area per molecule
and a small—but important—contribution from smoothing of residual thermal undulations. The direct stretch moduli varied
little (< *=10%) with either chain unsaturation or length about a mean of 243 mN/m. On the other hand, the bending moduli
of saturated/monounsaturated chain PCs increased progressively with chain length from 0.56 x 10~ '° J for diC13:0 to 1.2 X
1079 J for diC22:1. However, quite unexpectedly for longer chains, the bending moduli dropped precipitously to ~0.4 X
10~ "° J when two or more cis double bonds were present in a chain (C18:0/2, diC18:2, diC18:3, diC20:4). Given nearly
constant area stretch moduli, the variations in bending rigidity with chain length and polyunsaturation implied significant
variations in thickness. To test this hypothesis, peak-to-peak headgroup thicknesses h,, of bilayers were obtained from x-ray
diffraction of multibilayer arrays at controlled relative humidities. For saturated/monounsaturated chain bilayers, the distances
h,,, increased smoothly from diC13:0 to diC22:1 as expected. Moreover, the distances and elastic properties correlated well
with a polymer brush model of the bilayer that specifies that the elastic ratio (k./Ka)'"? = (h,, — ho)/24, where h, =~ 1 nm
accounts for separation of the headgroup peaks from the deformable hydrocarbon region. However, the elastic ratios and
thicknesses for diC18:2, diC18:3, and diC20:4 fell into a distinct group below the correlation, which showed that poly-cis
unsaturated chain bilayers are thinner and more flexible than saturated/monounsaturated chain bilayers.

INTRODUCTION

Most phospholipid acyl chains in animal cell membranesthe diC18 lipids with one to sixis double bonds. In both
are saturated (only C-C bonds) or monounsaturated (onstudies, major effects of unsaturation were found to occur
C==C bond) hydrocarbon polymers. However, it is surpris-when two or moreis double bonds punctuated by saturated
ing that membranes rich in polyunsaturated (multiple methhonds (G=C-C=C) appear in one or both chains. In the
ylene-interrupted €=C bonds) lipids are found in certain case of elasticity, the surprising outcome is that this type of
animal tissues (like the brain, for instance), and the lengthgoly-cis unsaturation leads to a precipitous reduction in the
of unsaturated lipid chains vary significantly. An obvious pending stiffness of the bilayer, which is accompanied by a
question to be asked is, how do hydrocarbon chain unsajrominent reduction in thickness, whereas neither chain
uration and length affect membrane material properties iMiength nor unsaturation significantly affects lateral area
portant to the function and survival of cells? To address th'%ompressibility.

question, we have used micropipette aspiration methods to Several techniques have been used to quantitate mechan-

test mechanical properties of giant-single bilayer vesicle§Cal stretch ; ; :
S i : X properties of bilayers. Most prominent are the
made from fluid diacyl phosphatidyicholine (PC) bilayers icropipette approach we have pioneered for giant vesicles

with cha|r_1 lengths of 13-22 carl_::ons and a wide range Ol ok and Evans, 1981; Evans and Needham, 1987), pho-
unsaturation (one, two, four, or six double bonds per lipid). . o .

S : ”'ton correlation spectroscopy and dynamic light scattering of

Here we report results for equilibrium properties—elastic I icl d tic st Rutk ki et al. 1991

area and bending moduli. In a companion article (Olbrich etsHmI? vesic FS lngggr osmo 'IC Sess (. Utkowski ef al icl '

al., 2000), we present results for dynamic properties— allett et al,, ), cryoelectron microscopy of vesicles

1993), and NMR and

rupture strength (lysis tension) and water permeability—forSUPiECted to osmotic stress (Mui etal., ), ¢
x-ray diffraction of strongly dehydrated multibilayer arrays

(Koenig et al., 1997). Of these approaches, only the mi-

. . o cropipette method can be used to test the expansion of a
Received for publication 1 October 1999 and in final form 28 March 2000.

) ~'single bilayer with a resolution of better than 0.1% relative
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(Schneider et al., 1984; Duwe et al., 1987; Faucon et al.,
1989; and others) and more recently by measurement of the
forces needed to pull nanoscale bilayer tubes from vesicles
under tension (Bo and Waugh, 1989; Evans and Yeung,
1994; Evans et al., 1996). Much less complicated, however,
is the micropipette pressurization of a single vesicle, which
can also be used to quantitate the bilayer bending modulus
The approach is to measure the entropy-driven tension that
arises as thermal bending undulations are smoothed unde
pipette pressurization of a giant vesicle (Evans and Rawicz,
1990, 1997). In the work reported here, both bending and Tension=0.2 mN/m
elastic area stretch properties of the PC bilayers have beer
obtained by the micropipette pressurization technique.

MATERIALS AND METHODS

Lipids

Twelve synthetic species of diacyl-PC lipids were obtained from Avanti
Polar Lipids (Alabaster, AL) in chloroform and used without further

purification. Nine werecis unsaturated: 1-stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine (C18:0/); 1-oleoyl-2-stearoyl-sn-glycero-3-phospho-

choline (C18:140); 1,2-dipetroselinoleoyl-sn-glycero-3-phosphocholine AL . Tension=6.2 mN/m
(diC18:1,¢);  1,2-dioleoyl-sn-glycero-3-phosphocholine  (diC18)1

1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine (C180/(3; 1,2-di- FIGURE 1 Video micrograph of a vesicle area expansion te$tTke
linoleoyl-sn-glycero-3-phosphocholine  (diC1g;2y; 1,2-dilinolenoyl-  yesicle at low tension.b) The vesicle at high tension. The change in

sn-glycero-3-phosphatidylcholine (diC183, ,9; 1,2-diarachidonoyl-sn-  prgjection lengthAL,, is proportional to the change in apparent surface
glycero-3-phosphocholine (diC2Q4; 1, 1) and 1,2-dierucoyl-sn- glyc-  greanAA.

ero-3-phosphocholine (diC22;1). One was transunsaturated: 1,2-
elaidoyl-sn-glycero-3-phosphocholine (diC1§1Two were fully saturated:
1,2-ditridecanoyl-sn-glycero-3-phosphocholine (diC13:0) and 1,2-dimyristoyl- . . . . . .
sn-glycero-3-phosphocholine (diC14:0). The solutions were placed in ambetllfme scales associated with preparation and experiment by spectrophoto

b . : . : etric assay (Kim and LaBella, 1987; New, 1990). The absorbance of a
glass screw-cap vials with Teflon-lined silicone septa. The vials were wrappe . L .
h : ) R . . Solution of 1 mM lipid in absolute ethanol was measured-280 nm with
in aluminum foil and stored at-20°C under argon, which was especially

. : - L N . ,a Beckman DU-7500 diode array spectrophotometer (Beckman, Fullerton,
important for the preservation of lipids containing oxidation-prone fatty acid CA). Absorption at this wavelength indicates the presence of conjugated
chains (18:0/2, 18:2, 18:3, 20:4). ' P 9 P 1ug

dienes in the hydrocarbon chain, which result from oxidation (Kim and
LaBella, 1987; New, 1990). Lipid samples used soon after arrival from

Vesicl ti d lipid idati Avanti showed no detectable oxidative damage. Moreover, measurements
esicle preparation and lipid oxidation assay of properties repeated with preparations from the same polyunsaturated

In our laboratories, the generic procedure for preparation of giant vesiclelPid samples and those from new samples purchased at later times gave
(15-30um diameter) is to rehydrate lipid films dried first from chioro- identical resuits.

form:methanol (2:1) onto the surface of a roughened Teflon disk (Needham

et al., 1988). After deposition of the lipid film and evaporation of the . . .
organic solvent in vacuo, the Teflon disk is covered with a warm (37°C) Mechanical expansion of apparent vesicle area

sucrose solution (200 mOsm) and allowed to hydrate. To create a refractlvf\?licropipette suction was used to pressurize vesicles and test elastic area

index contrast between the inside and outside of vesicles and to Sedime@&pansion Well established from mechanics (Kwok and Evans, 1981), the
vesicles n the microscope chamber, an aliquot of vesicles is diluted iy pressur® applied to a fluid bilayer vesicle produces a uniform
manyfold in an equiosmolar solution of glucose or electrolyte buffer. Themembrane tension,,, which is described by a geometric relation based on

refrgetlve index gradient is used to enhancg opt'lcal detecuorj of the prog, pipet caliber (diametei), and diameteD, of the vesicle spherical
jection length, as shown by the example in Fig. 1. Described below'segment exterior to the pipette, i.e

accurate video tracking of the edge enables discrimination<0f1%

relative change in vesicle area or volume, even though optical measure- Ty = PDp/4(1 — Dp/Dv)

ments of total area and volume remain limited to an accuracy of a few

percent by diffraction. For the formation of vesicles from polyunsaturatedThe pipette suction10°> Pa) needed to expand the surface ef20-um
lipids, slight modifications were made in the procedure. First, argon-vesicle is small compared to osmotic driving forcesL(® Pa) required to
purged, deionized water was used to make the hydration and suspensid&imetically displace water on the time scale of the experiment and small
solutions. Second, the container with the polyunsaturated lipid film wascompared to the osmotic activity of the trapped sucresé K 10° Pa).
wrapped in aluminum foil (to minimize exposure to light). The polyunsat- Thus vesicle volume remains effectively fixed in an area expansion test.
urated lipids were allowed to hydrate for gr8 h under argon and were Movement of the projection length, inside the pipette provides a direct
used immediately (normally, lipids are left to hydrate overnight and thenmeasure of the area increase. Using measurements of the vesicle spherical
used the next day). In the initial phase of the study, samples of thesegment and cylindrical projection dimensions, we computed precise
polyunsaturated lipids were tested for possible oxidative damage over thehanges in apparent ard& numerically for each displacemedt., of the
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projection length with simple geometric formulae and the constraint of athe linear increase in apparent area with log(tension) in Fig. Pests of
fixed vesicle volume (see the Appendix in Olbrich et al., 2000). The bending elasticity in the low-tension regime for the diC18 PCs were
proportionality between apparent area and length is easily seen in thperformed at 18°C (close to the dewpoint) to minimize chamber dehydra-

following first-order approximation: tion and to allow long working periods without having to change chamber
solutions. But bending tests for diC13:0, diC14:0, and diC22:1 PC were
AA= ’”'Dp(l - Dp/Dv)ALp performed at 22°C, 29°C, and 21°C, respectively, to be well separated from

ispl fth ection | h of ) d icl der ch the main liquid crystal-crystalline phase transition. Measurements at high
Displacement of the projection length of an aspirated vesicle under ¢ ang@mperatures (lower relative humidities) are usually no problem but require

in suction pressure is shown in Fig. 1. Even though apparent area can e . frequent sample changes to avoid chamber dehydration.
measured over a tension range fronm 1N/m to vesicle rupture< 3-10 In the high-tension regime>0.5 mN/m), direct surface stretch or
mN/m) as shpwn in Fig. 2, vesu;le area expansion was exammed‘m tW(Eiilation in area per lipid molecule becomes significant with a small,
separgte regimes of low ant_j high ten5|o_n tq m|n|_m|ze the duration Ofdiminishing contribution from smoothing of thermal undulations. To ex-
experiments and thereby a"o'o_' any reduction in vesicle volume caused bXmine the high-tension regime, each vesicle was first prestressed under a
chamber dehydratllon at Ipng times. . . tension of~0.5 mN/m to incorporate hidden excess area, and then suction
In the Iow-ten5|o.n regime (9'901_0'5 mN/m), the ve5|c|§ surface M"\was increased in steps—each held steady for several seconds—up to a
creases by smoothing of subvisible thermal shape fluctuations (bend'ngublytic threshold of 1~ 10° Pa, where tensions reached 3-8 mN/m. As
_undulations). Even_ though a vesicle looks perfectly spherical in Opticallbefore. a stepwise course of pressure reduction was used to verify revers-
images under suction pressures-e0.1 Pa or more (cf. Fig. 1), thermal ibility. As shown by the data in Fig. A, bilayer tension seems to increase

shape fluctuations persist on the suboptical scale and act as a smq'q direct proportion to apparent area abové mN/m but with different

reservoirfor_an incr_ease in appare_ntsurfacg area of the vesicle. To exam?r%?opes for two different types of lipid bilayers. Much shorter in duration
the low-tension regime, each vesicle was first prestressed under a tenqua” the low-tension experiments, all area compressibility tests in the

of ~0.5 mN/m to ensure that small hidden projections of bilayer Surfacehigh-tension regime were performed at 21°C.

were pulled into the surface. After the vesicle was prestressed, suction

pressures were dropped t€0.1 Pa, which lowered the bilayer tension to

10 2 mN/m. Then suction was increased in steps—each held steady for

several seconds—up to 25310 Pa, where tensions approached 1 mN/m. Bilayer thickness

Finally, a stepwise course of pressure reduction was used to verify revers-

ibility. As shown by the data in Fig. &, bilayer tension below-0.5 mN/m X-ray diffraction was performed on oriented lipid multibilayers of six
increases as a very weak exponential of apparent area, which is verified Hipids by methods described previously (see Mcintosh, 1987; Mcintosh et
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FIGURE 2 Examples of apparent area expansion measured over tensions from 0.001 to 8 mN/m for two vesicles made from C18:0/1 and diC18:3 PC.
(A) Linear plot of tension versus apparent area expansion. The initial soft-exponential rise of tension with area expansion reveals smoothahglipleerm
fluctuations, which is followed by the onset of linear increase in tension as the bilayer begins to sBe®ém(log plot of tension versus apparent area
expansion. Slopes of the linear fitdashed linesapplied to the range of very low tensions yield elastic bending madylk 8=/kT) for each bilayer

(k; = 0.9 X 1071° J for C18:0/1 and, = 0.4 X 10~1°J for diC18:3). The solid curves iA andB are the fit of the elastic compressibility relation (Eq.

1) over the entire four-order-of-magnitude range of tension, using the values of bending elasticity and a common value of the direct expansion modulu
(Ka = 230 mN/m) for both lipid vesicles.
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al., 1989, 1992, for details). Partially hydrated, oriented bilayers of RESULTS
diC13:0, C18:0/1, diC18:1, diC18:2, diC18:3, and diC22:1 PC were . . .
formed by first placing a drop of lipid/chloroform solution on a curved Measurements of bilayer elastic properties

glass support, slowly evaporating the chloroform, and then incubating the, . L
multilayers in a constant-humidity atmosphere. Afterward, the specimerfa‘S described above, measurements of aspiration length ver-

was placed in a controlled humidity chamber on a single-mirror (line-SUS Pipette pressurization were converted to apparent area
focused) x-ray camera so that the x-ray beam was oriented at a grazifgXpansion versus tension properties of bilayer vesicles in
angle with respect to the multilayers. The relative humidity in the chambedow- and high-tension regimes. Verified as reversible, the
was maintained at 98%, 93%, or 79% relative humidity with a cup of thetension-apparent area results were correlated with a general
appropriate saturated salt solution (Mclntosh, 1987; Mcintosh et al., 1989)constitutive relation for elastic dilation of fluid bilayers to

To speed equilibration, a gentle stream of nitrogen gas was passed throu%tain the direct lipid area expansion and bending moduli.

a flask of the saturated salt and then through the chamber. d | ts of Helfrich (Helfrich ds
X-ray diffraction patterns were recorded at ambient temperatures on §ase on early concepts of Hetiric ( efinch an ervuss,

stack of six sheets of Kodak DEF x-ray film loaded in a flat plate fim 1984), apparent area compressibility is derived from a su-
cassette. After background subtraction, integrated intensiigswere  perposition of smoothing of thermal bending undulations

obtained for each ordem by measuring the area under each diffraction and reduction in lipid surface density (Evans and Rawicz,
peak. The intensities of the oriented line-focused patterns were correcteig9Q, 1997),
by a single factor oh due to the cylindrical curvature of the multilayers

(Blaurock and Worthington, 1966; Herbette et al., 1977), which yields a o = (kg T/8mk)IN(1 + cr Ak + T/Ka (1)
structure amplitude oF(n) = {nI(n)}¥2 Then electron density profiles

p(X) were calculated on a relative scale from the Fourier transform, a = AAJ/A, is the fractional increase in apparent or mean
projected ared of the vesicleK,, k. are the elastic moduli
p(x) = (2/d)Xexplip(n)} - F(n) - cog2mnx/d) for direct stretch in area and for bilayer bending, respec-
tively; thermal energkgT is ~4 X 102 J; ¢ is an unim-
wherex is the distance from the center of the bilaydris the lamellar  portant constant of-0.1 that depends on the type of modes
repeat periodg(n) is the phase angle for ordar and the sunX,, is over (spherical harmonics or plane waves) used to describe sur-

n. Phase angles were determined using the sampling theorem (Shann%ce undulations. Fig. 2 shows the correlation of Eq. 1 with
1949) as described previously (Mcintosh and Simon, 1986; Mclntosh,

1987). Fig. 3 demonstrates typical structure factors for C18:0/1 anor_n?asure_ments of apparent area for two d_lfferent 'pres of
diC18:3, along with continuous Fourier transforms calculated using theJ'p'd vesicles over the full range of accessible tensions. In
sampling theorem. The resolution of the electron density profiles presentetN€ soft-thermal regime at low tension, the apparent expan-
in this paper igl/2h,,., ~ 7 A. However, as shown previously by McIntosh  sion relative to an initial state of tensiep(0) is dominated
and Simon (1986), Nagle et al. (1996), and Petrache et al. (1998b), profilehy smoothing of thermal undulations, and the bending stiff-
W‘thk7'A feior']““‘(’j” provide a quite aCC“raﬁe ;f“maﬁeh@ for t:‘e _ness is revealed by the logarithmic dependence of apparent
eak-to-peak headgroup separation across the bilayer. The critical require;, H
?nent istEat the progles for aﬁ of the lipid measuremgnts are obtained e?tthgrea on tension, IQQT”JTm(O)] = (B.Wk"/kBT)AA/AO' "?‘S de-
same resolution. rived from the dashed line fits in Fig.R By comparison at
high tension, an increase in apparent area approaches the
direct stretchAA’/A;, governed by the elastic area-stretch
modulus, which increases linearly with tensiof, =
KA(AA'/A)). Even so, residual thermal undulations intro-
4 duce a small (but important) correction in the high-tension
i . regime, as revealed by the slight curvature in the high-
tension results of Fig. 2.

\*( Bending moduli

Because of the logarithmic dependence on tension, the
apparent expansion of vesicle area had to be measured over

Structure Factors
N
T

'4j a large range of minuscule tensions to obtain the bending
| _ - modulus. Limited by the 0.1 Pa pressure sensitivity, the
-6 ® di(CIB3)PC regime of low tension accessible to pipette aspiration
| ) O  SOPC . ,
e spanned nearly three orders of magnitude from 316
-8 0 0.02 0.04 0.06 0.08 0.1 ~0.5 mN/m. Seen in Fig. B, vesicle areas increase linearly

with log(tension) over most of this range. Multiplied by
kg T/87 ~ 1.6 X 10722 J or 0.04gT, the slope of logten-
FIGURE 3 Examples of structure factors and continuous Fourier trans-smn) versus fractional area expansion In the low-tension

forms obtained by x-ray diffraction from C18:0/D) and dic1g:3@)  regime yielded the bending modulus of a bilayer as dem-
multibilayers. onstrated by the dotted line fits to the data in Fid.Zests

Reciprocal Spacing (A" h
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of at least 10 vesicles were used to obtain bending moduli
for each type of lipid as listed in Table (SD). The
bending moduli of saturated/monounsaturated PCs in-
creased progressively with chain length frég= 0.56 X
1012 J (= 14kgT) for diC13:0 tok. = 1.2 X 10 *°J (=
30k T) for diC22:1. But unexpectedly for longer chains, the
bending moduli of bilayers with two or more alternaticig
double bonds along one or both chains (C18:0/2, diC18:2,
diC18:3, and diC20:4) dropped precipitouslyko~ 10—
11k T, which shows that polgis unsaturated membranes
are distinctly more flexible than saturated/monounsaturated
PC bilayers. To illustrate the striking effect of polyunsatu-
ration, Fig. 4 presents a histogram of the bending moduli (
SD) for diC18 bilayers arranged in order of increasing
unsaturation.

Bending Modulus (107"° J)

— QO G O W NN M
e & Rt QO = .- ..
== - - - Q M — .'.-. — 9 © ©
Lipid area dilation moduli © B 5B 5B GG
. . . OO0O5050T T

Ideally, both bending and direct stretch moduli can be % ({3) ‘_-5) ©

derived from a nonlinear fit of Eq. 1 to measurements of
apparent area over the full range of high and low tensionsgigure 4 Elastic bending moduli for dic18 PC bilayers arranged in
However, for reasons given above and just as accuratelyrder of increasing unsaturation.
within experimental resolution, the bending modulus can be
derived first from the low-tension regime then used with the
constitutive Eqg. 1 to carry out a one-parameter fit to the _ ) ) )
apparent area expansion in the high-tension regim@g  'dh-tension regime. For eacth data pair of apparent area
mN/m). The result is indistinguishable from the correlation€XPansion and tension, the direct area dilatieiti) =
over the full range of tension as demonstrated in Fig. 2¢() + Aa(i) is found relative to an initial tension state
When the value of the bending modulus is known, the™m(1), USing the correction
contribution to apparent area expansion from smoothing Aali) = — (ke T/8mk)IOGL (i) 7n(D)] )
thermal undulations can be determined uniquely in the
The direct area expansian found in this way is plotted
versus tension in Fig. 5 for the vesicle tests in Fig. 2.
TABLE 1 Peak-to-peak headgroup thicknesses h,, elastic Although the slopeK,,, of tension versus apparent area
area Ky, Kopp, and bending k. moduli for fluid phase bilayers expansion above 1 mN/m differs significantly between the

app?
made from phosphatidylcholines o . . .
two lipid bilayers in Fig. 2A, a common value oK, = 230

Ka K

aop ! N
Lipid ey (nm) (mNJm) MmNy k(1020 3) mN/m was fou_nd_for the d|_rect stretch modulus—either t_)y
fit of the constitutive equation over the full range of data in
diC13:0 341005 23915 153+13  0.56+0.07  Fig, 2 or linear regression to the tension versus direct area
diC14:0 352+ 006  234+23  150=14 056+ 0.06 oo cionin Fig. 5
C18:0/1 407+ 0.06 235+ 14 208+ 10  0.90+ 0.06 P NG 5. . :
c18:1/0 _ 230+ 10 207+ 8 0.92+ 0.07 To obtain direct stretch properties for a population of
diC18: 1, 3.60+0.04 265+18 237+16  0.85+0.10 vesicles, we used the average bending modulus to correct
diC18: 16 — 229=12 208+=10 1.03x0.11  the values of apparent area expansion measured in the
dc'f;%éce - 223511’ Z iggi 1‘7‘ g-igi 8-83 high-tension regime>0.5 mN/m) with Eq. 2. The statisti-
. — + + 46+ 0. . . . . . .
dic1s: 2 3.49+ 003 247+ 21 190+ 18 044+ 0.07 cal uncertalnt_y introduced m(;[o the_ dgter_mmatlop of direct-
dicis:3 343+ 0.06 244+ 32 159+ 19  0.38+ 0.04 stretch moduli due to the-10% var|at|on_ in benc_img mod-
diC20:4 3.44+0.07 250+ 10 183*8 0.44+ 0.05 ulus ranges from only=3% for the stiffest bilayers to
dic22:1 4.37+0.05 263+10 244+ 8 1.2x0.15 +8-10% for the most flexible bilayers, which lies within

Kapp are the slopes of tension versus apparent area dilation measured he experimental _Standard deviation. T(_%SFS were Performed
micropipette pressurization of vesicles in the high-tension regitpeare 0N at least 10 vesicles for each type of lipid to obtain values
the direct elastic stretch moduli obtained after correction for smoothing ofgf K, (= SD), which are listed in Table 1, along with
thermal undulations. Peak-to-peak headgroup thickn ere mea- ; ;

dyzes. apparent expansion modfi,,, Comparison ofK,,, and

sured by x-ray diffraction of multibilayers equilibrated at 98% relative . .
humidity. All values are given as mean SD. (Thicknessesy,, for K, demonstrates that the smoothing of thermal undulations

dimyristoyl (diC14:0) and diarachidonoyl (diC2@) PC bilayers are taken 1S quite significant for highly flexible bilayers. Unlike bend-
from Petrache et al. (1998b) and Mcintosh (1995), respectively.) ing elasticity, the direct-stretch moduli varied little with
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FIGURE 6 Direct area stretch moduli for fluid-phase diacyl PC bilayers

0.00 0.61 0_'02 0.03 with chain lengths from 13 to 22 carbons and range of unsaturation from

. . 0 to 6 double bonds per lipid.
Direct Area Expansion

FIGURE 5 The direct area expansion versus increase in tension over the
high-tension regime%0.5 mN/m) for the C18:0/1 and diC18:3 vesicles in phase. As demonstrated in Fig. 3 for C18:0/1 and diC18:3,

Fig. 2. The direct area expansion was obtained from the increase ifhe structure factors obtained from the data closely matched
apparent area, using the correction for smoothing of thermal shape fluct fhe continuous transforms. The lamellar repeat periods were

ations (Eqg. 2) and mean values of elastic bending moduli measured for ea .
type of lipid bilayer. A common linear regression fits both sets of data and 4.6 A’ 54.2 A’ and 54.1 A for C18:0/1 and 47.7 A’ 46.8 A,

yields the same direct expansion moduli, (= 230 mN/m), which ~ and 45.8 A for diC18:3 PC at 98%, 93%, and 79% relative
matches the result from the fit of the elastic compressibility relation (Eq. 1)humidity, respectively. The electron density profiles for
over the full four-order-of-magnitude range in tension. C18:0/1 and diC18:3 PC at the three relative humidities are
shown as examples in Fig. A and B. The high density
peaks in each profile correspond to the lipid headgroups,
chain unsaturation or length, as shown by the histogram imnd the low electron density region in the center of the
Fig. 6. profile corresponds to the lipid hydrocarbon chains. Note
that the general shape of the profiles changed little over this
range of relative humidity (and water content); however, the
electron density trough was more pronounced in the middle
From the mechanics of thin materials it is well known thatof the bilayer for C18:0/1 than for diC18:3. Thus the low-
the bending modulus should scale as the area moduludensity terminal methyl groups were localized in the center
multiplied by the square of thickne&s, i.e., k. = K,h%c,, of the bilayer for C18:0/1, which indicates a more ordered
wherec, is a normalization constant. Thus, because therdydrocarbon region than for diC18:3. Differences in thick-
were small changes in area moduli, we expected that theesses of C18:0/1 and diC18:3 bilayers are readily appre-
prominent variations in bending stiffnesses of bilayers wereciated when compared at the same relative humidity (98%)
due to differences in bilayer thickness. The explicit predic-as in Fig. 7C. Analyzing the profiles for the six lipids, we
tion is that the elastic ratiok{/K,)*? should vary linearly found a progressive increase in the headgroup separation
with bilayer thickness. Hence by x-ray diffraction, we mea-across the bilayer with an increase in the number of carbons
sured the peak-to-peak headgroup distahggfor diC13:0, and a striking decrease in separation with paly€ouble
C18:0/1, diC18:1, diC18:2, diC18:3, and diC22:1 PC bilay-bonds. Listed in Table 1 for 98% relative humidity, the
ers, which were combined with distances for diC14:0 andvalues werén,, ~ 43.7= 0.5 A for diC22:1h,,~ 40.7 =
diC20:4 from the literature (Petrache et al., 1998b; McIn-0.6 A for C18:0/1,h,, ~ 36.9+ 0.4 A for diC18:1,hy, ~
tosh et al., 1995). For multibilayer arrays held at fixed34.9+ 0.3 A for diC18:2,h,, ~ 34.3+ 0.6 A for diC18:3,
relative humidity, the x-ray diffraction patterns consisted ofand h,, ~ 34.1 = 0.5 A for diC13:0. (As pointed out by
four sharp reflections that indexed as orders of a lamellaPetrache et al. (1998a), measurements of peak-to-peak

Measurements of bilayer thicknesses
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headgroup separation must also be corrected for thermal

A bending undulations. However, equilibrated at 98% relative
humidity, the multibilayers are squeezed by 20 atm of
stress. This level of stress suppresses undulations and limits

> the corrections to a range from —0.3 A for diC22:1 to~

2 —0.5 A for diC18:3. The corrections are comparable to the

A measurement uncertainty and thus are neglected.)

g In relating bending stiffness to measurements of struc-

8 tural thickness, it is important to recognize that elastic

é’ properties of the membrane are governed by a mechanical

SOPC thicknessh, which depends on the stress distribution across
—— 98%rh the bilayer. Hence the mechanical thickness will be less than
f,,fﬂf%%;ﬁ the peak-to-peak headgroup separation by a nondeformable
, ‘ , } , lengthh, (i.e.,h = h,, — hy) that reflects both the distances
.30 .20 -10 0 10 20 30 of the headgroup peaks from the compact hydrocarbon
Distance from Bilaver Center (A region and nonunl_form|ty in chain stre§ses. For a common
Y &) value ofh,, the ratio kJ/K,)*'? should still depend linearly

B on the peak-to-peak headgroup separation. As a test of this
hypothesis, Fig. 8 is a plot of the elastic ratitgK,)*/? as
a function of theh,, values measured at98% relative
humidity from Table 1 plus the published values for

Z diC14:0 (Petrache et al., 1998b) and diC20:4 (Mclintosh et

% al., 1995). To provide a specific model for the elastic ratio

A that reflects lipid structure, we have worked out a simple

§ theory in the Appendix, where each monolayer is viewed as

g : a collection of extended polymer chains held together by

m diC(18:3)PC hydrophobic interactions at the interface. This polymer

98%rh
o — — -93%rh
o? | 79% th “Theory"
1 I 1 1 I 1/2
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FIGURE 7 Electron density profiles foA] C18:0/1 andB) diC18:3 at

98%, 93%, and 79% relative humiditie<)(Electron density profiles of FIGURE 8 Correlation of the elastic ratiti(K,)" for bending:direct
C18:0/1 olid ling) and diC18:3 dotted ling compared at 98% relative ~ stretch with the peak-to-peak headgroup separatigntaken from Table
humidity, which shows the major reduction in peak-to-peak headgroupl. The solid line is the polymer brush model/K,)" = (h,, — h,)/(24)2
distance from~4.1 nm for C18:0/1 to~3.4 nm for diC18:3. for bilayer elasticity derived in the Appendix, witt, = 1 nm.
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brush model predicts thakgK,)"? = (h,, — hy)/(24)* L. Similarly, Petrache et al. (1998b) arrived at a length of
and provides a rationale for the minimal variation in theh, = 0.82 nm for dimyristoylphosphatidylcholine. On the
direct-stretch modulus. Over a wide range of chain lengthspther hand, correlation of the elastic ratio to thickness for
the straight line in Fig. 8 shows that the saturated/monoundiC18:2, diC18:3, and diC20:4 PC bilayers showed that
saturated chain bilayers (diC13:0, diC14:0, C18:0/1poly-cis unsaturated chain bilayers are thinner and more
diC18:1, diC22:1PC) correlate well with the polymer brushflexible than saturated/monounsaturated chain bilayers.
model fit only by the value of, (= 1 nm). Interestingly, Although néve in many respects, some useful insights
however, results for the polyunsaturated bilayers (diC20:4into the origins of bilayer elasticity and thickness are found
diC18:2, diC18:3 PC) fall into a distinct group below the in the idealized (polymer brush) model of lipid monolayers
correlation. The shift implies that the mechanical thick-as structureless polymer chains confined by a constant hy-
nesses of these highly unsaturated bilayers would-b8—  drophobic energy density. First of all, the polymer brush
15% less than for saturated/monounsaturated chain bilayemnodel predicts that the surface pressiirén each mono-
layer and the direct expansion modulus of a bilayer are
related by a constant factor of 6, i.&, = 2(3II). The
DISCUSSION numerical factor reflects the inverse cube dependence of
The important outcomes of this work are first that diacyl PCsurface pressure on area per acyl chain governed by the
bilayers with a wide range of chain length and unsaturatiorGaussian-harmonic regime of polymer extension. In the
exhibited little difference in direct area expansion moduliabsence of mechanical tension, the surface pressure in each
once increases in apparent area were corrected for smoothonolayer is balanced by the interfacial energy dengity
ing of subvisible thermal bending undulations. Second, byfor hydrophobic interactionslI = vy. Consequently, the
comparison, bending rigidity increased in a steady, progresnodel predicts that elastic area compressibility is constant if
sive manner with the number of carbons for saturatedthe interfacial energy densityis constant (per the idealized
monounsaturated chain bilayers. However, most strikingsoncept of hydrophobic interactions). Consistent with this
was a major reduction in bending rigidity, which occurred prediction, direct-stretch moduli of the 12 PC bilayers vary
when two or moreis double bonds were present in one or little in a range of 230—-250 mN/m, except for diC1g;and
both chains of the lipid. Because of the unusual bendingliC22:1.,; at 263-265 mN/m. As such, the mean value of
flexibility of polyunsaturated chain bilayers, a much larger 243 mN/m implies that monolayer surface pressure varies
fraction of surface area is incorporated into thermal undudittle from y ~ 40 mJ/nf (mN/m). The< *+10% variations
lations, which significantly lowers the apparent area mod{from 243 mN/m obviously reflect deviations from the ide-
ulus, as seen by comparisonkf to K,,,in Table 1. This  alized model, which could arise from many sources: e.g.,
feature accounts for the20—40% variations in elastic area departure from Gaussian-harmonic behavior of chains,
moduli of different PC bilayers published in the past by ourheadgroup interactions, and chemical variations in hydro-
groups and others. Recently, for example, Koenig et alphobic and other interfacial interactions.

(1997) used NMR and x-ray methods to derive the elastic Next, if we accept that the mechanical thicknggs— h,
area moduli for C18:0/1 and diC14:0. Their values wereis equal to the hydrocarbon thickness, we can use the
~220 mN/m and~140 mN/m for C18:0/1 and diC14:0, polymer brush model to predict hydrocarbon thickness and
respectively, which are consistent with the apparent modularea per lipid a, which can be compared to structural
Kapp IN Table 1 and point to thermal undulations as themeasurements. The simple result is that hydrocarbon thick-
source of deviation from the direct-stretch modkijj. Fi- ness and area per molecule depend only on a fixed ratio
nally, measurements of peak-to-peak headgroup separatiay = (3kgT/a,y) of thermal to interfacial energy and the
by x-ray diffraction confirmed the hypothesis that the prom-numbern, = L/2b of statistical segments per chain, i.e.,
inent variations in bending stiffness emanated principallyh,, — h, ~ 2L/(c,n)"”® and 2 ~ 0.40 nnf X (c,n)*?,
from variations in bilayer thickness. In the case of saturatedihere2a, ~ 0.40 nnf andL = N ponsX 0.125 nm in the
monounsaturated chain bilayers, the measurements of tlal-transconfiguration. (The polymer brush model also pre-
elastic ratio k/K,)'? and structural thicknesl,, corre-  dicts that bending stiffness—scaled by the characteristic
lated well with the linear prediction obtained from the energyylL>—depends uniquely on the ratiosandn,, i.e.,
polymer brush model for bilayer elasticity (Appendix), k. = (yLZ)/(cynS)ZB, which yields a range frork, ~ 0.57 X
which implied a fixed length ofi, = 1 nm for the combined 10" *° J for C13 tok, ~ 1.2 X 10 *° J for C22 chains.)
separations of headgroup centers from the deformable hyFaking the value ofy ~ 40 mJ/nf deduced from the mean
drocarbon core. Based on purely geometric considerationstretch modulus defines, ~ 1.5, so all relations reduce to
and molecular structure, Hitchcock et al. (1974) and Mcin-a simple dependence on the numipgrof statistical seg-
tosh and Simon (1986) also concluded that= 1 nm was  ments per chain, i.e., thicknelg, — h, ~ 1.75 L/t and
needed to estimate the thickness of the compact hydrocaarea per lipid 2 ~ 0.46 nnf X n¥3 As shown in the
bon region and, thereby, obtain the area per limdusing  Appendix, correlating the dependence of surface pressure
the hydrocarbon packing relatiom (h,, — h,) = 4a, X on area per chain predicted by the model to the published
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monolayer isotherm for C18:0/1 yields the mean numbespecific locations. In particular, noticeably peaked and
L/2b ~ 2.25 of statistical segments per chain and a persisasymmetrical distributions were obtained when unsaturated
tence length ob =~ 0.5 nm. Hence the structural thickness bonds were present near the interface, e.g., G48018:
of C18:0/1 is predicted to bb,, ~ 3.0 nm + h,, which 3.9 15 C20:455 11 14 and C22:6, 7 10 13,16,10/t Was puz-
agrees with the value in Table 1 if we takg = 1 nm.  zling, however, that there were essentially no differences in
Furthermore, assuming common values of persistencstress distributions or thicknesses between mono- and poly-
lengthb ~ 0.5 nm andh, = 1 nm, thicknesses can be cisunsaturated chains when double bonds started in the nine
predicted over the full range of chain length frém, ~ 3.4 position, i.e., C18:& vis-a-vis C18:3; ;,and C18:34 15 15
nm for diC13:0 toh,, ~ 4.4 nm for diC22:1, which is again unlike the thickness measurements listed in Table 1. So
consistent with the span in Table 1. As an experimentaperhaps a different algorithm is needed to describe the
comparison for area per molecule, Koenig et al. (1997) useénergetics of chain configurations on the lattice in the case
deuterium NMR to derive hydrocarbon thickness and areaf methylene-interruptedis double bonds. As a possible
per lipid by measuring the integrated-average order parantlue, the molecular-model computations of Applegate and
eter for?H-labeled chains. The molecular areas of 0.5% nm Glomset (1991) have shown that angle-iron-shaped confor-
for diC14:0 and 0.61 nfnfor C18:0/1 from their experi- mations of polyene sequences shorten chains significantly,
ments are close to the estimates of 0.55 ramd 0.6 nrf, and the reduction in length is larger when polyene se-
respectively, predicted by the polymer brush model. guences are more distal from the water-hydrocarbon inter-
In contrast to the predictive success for saturated/mondface, as is the case for C183, 15
unsaturated chain bilayers, neither the thickness nor the
bending modulus calculated with the polymer brush rela-
tions matches the measured values for bilayers with ponAPPENDIX: POLYMER BRUSH MODEL FOR
unsaturated chains. Most likely, this stems from increaseE"'AYER ELASTICITY
chain repulsion and peaked stress distributions within th&ve use a rudimentary physical model to establish a molecular basis for
monolayers. For example, a shorter persistence lebgth lateral area compressibility and bending stiffness of a bilayer. The model
could be an origin of larger repulsion between poig- is base(_j on the premis_e that surface pressurein a fluid bilayer is dominz_alted
- - . by confinement of chain entropy, which neglects van der Waals attraction
unsatur,ated (,:hams' EVId,enC_e for thls.corr'les from M(_)nt%etween chains and specific headgroup interactions. Following Flory
Carlo simulations by Rabinovich and Ripatti (1991), which (1969), we treat the hydrocarbon chains as short, freely jointed polymers
showed that the mean end-to-end length of a chain diming=JC) characterized by a free energy that depends only on chain extension
ished as the number of methylene-interruptasl double and the number of statistical segments= L/2b—defined by twice the
bonds were increased in a chain. For 18 carbon chains, tH@rsistence length. Thus the model provides no information about the

apparent increase in chain “flexibility” implied a reduction distribution of chain stress across the bilayer.
pp y P Starting with a flat bilayer, the surface pressiikén each monolayer is

of ~33% in perSiStence_ length. m the C_0nteXt. qf. the poly-easily derived from the variation of chain free enefgy with respect to

mer brush model, the increase in chain flexibility would change in hydrocarbon thicknelsand area per chain (Evans and Skalak,

reduce the peak-to-peak headgroup thickness@yt nmto  1980),

~3.6 nm for bilayers with C18 chams—ag_am_taklh(g_: I1-8a+ (0F Jal) - 8l = 0=> I = —(aF Jal)(alloa)

1 nm. However, even though a 33% reduction in persistence

length may account for a large portion of the reduction in

thickness, changes in persistence Iength alone cannot leadAgsuming constant density, (_:hain packing obeys the r_eq_uirement that the

a departure from the linear correlation of elastic ratio toProductl:a of hydrocarbon thicknessand areza per chain is a constant

hanical thick . . f L-a. (molecular volume) determined by chain lengtfand areea. in the

mechanical t '|C ness seen .m Flg'. 8 Or_ Sat!Jrated/mc'no"“'r!afll-transstate. Hence surface pressure is derived from the change of chain

saturated chain bilayers. This deviation implies a narrowingree energy with chain extension rato= I/L,

in the distribution of chain stresses within monolayers of the = (&

bilayer or an increase ih,. = (XTag)dFcJox (A2)
DiStripUtions of Chain. stresses in_ PC monmayers havejncex = aJa is equivalent to surface density and/a)/L = —(x%/a).

been nicely modeled in recent simulations by Cantonntroducing the free energy of extension for short FIC polymers, we will

(1999). Invoking the same entropic physics and interfaciakbse this relation to derive an equation of state for surface pressure and show

energy for hydrocarbon-water interaction as used in Oufhat it agrees well with a published surface pressure—area isotherm for

simple theory, Cantor used a mean-field lattice calculation™ 2.0+ SOPC):

p . ) y] . . The concept of hydrocarbon chains as freely jointed polymers with long
tQ obtain dmeUF'O”S of lateral stress across monmayers Itatistical segment lengths is well established from the pioneering work of
bilayers. For a wide range of hydrocarbon chain length andklory (1969). For polymethylene polymers of lendthFlory showed that
unsaturation, the stress distributions resembled flattenetie mean square end-to-end length growsrds= 2bL, as expected for
half-period sine functions. Generally, monolayers of chaindreely jointed chains, but the effective segment (Kuhn) lendtiis2-8.3

ith cis double bond f dt ,b thi th | C-C bonds (i.e., B =~ 1 nm) or about half of thé&. ~ 2.25 nm alltrans
W! CIS couble On_ S were tfound to be thinner fem ayerqength of 18 carbon chains. For short chains, Flory also showed that the
with saturated chains of the same length. But importantee energy of extension closely follows a Gaussian-harmonic approxima-

asymmetries arose when multiptés bonds appeared at tion, F., ~ (3nksT)x?/2, up to relatively large extensions (exs= 0.9 for
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L/2b ~ 4). By comparison, the free energy for a long polymer begins to proximity. Furthermore, Smaby et al. (1994) showed that the limiting area
diverge logarithmically, i.e F.o ~ —nksT log,(1 — X), at modest exten-  per chain for a wide variety of PCs & ~ 0.2 nnf. This result sets the
sions x > 0.5. Because hydrocarbon chains in fluid PC bilayers arethermal-surface pressure scale tdg&/a. ~ 20 mJ/nt (mN/m) at~20°C.
extended to-0.7 or less of the altranslength, we can confidently use the With the surface pressure scale and contour lehgth 2.25 nm (0.125
harmonic approximation for free energy of chain extension to predict thenm/carbonx 18), the correlation in Fig. 9 yieldsb2= 1 nm for the
dependence of surface pressure on area per lipid molecule, which yieldeffective Kuhn length of the SOPC chains (18:0 and 18:1), which matches
Flory’s (1969) value for short methylene polymers.

IT = 3nyks T/a))x* = 3nyks T/a ) (aa)° Because surface pressure depends only on chain extension, the elastic
) ) ) ) area modulus of a bilayer is easily derived to Kg = 2x(9ll/ox) ~
(For .asym.metrlcal chains with the same wllns areaa,, the ration, = 18n(ksT/a)x® and thus is determined by monolayer surface pressure
Li2bis deflneq by = (L, + Ly)/2 andb]_ = 2(b1b2)_(|‘1|‘2)/(|‘1b1 + Loby), (Ka = 6II). From thermodynamic minimization of the free energy with
where SUbSC”ptS_ 1 "_’md 2 _refer to distinct chains.) We see that Surf‘r"CF‘espect to lipid surface density, the surface pressure of a monolayer in a flat
pressure 'of.a fluid bilayer is expected to decrease. as ¥anbwre the' tension-free bilayer is fixed by the interfacial energy densifgr exposure
characteristic thsrnﬁal_rqcale for surf?]cg p/ressure hls ieth_by theh ratio ogf hydrocarbon to water, i.ell = y (Evans and Skalak, 1980; Cantor,
temperature to the limiting area per ¢ T/a.. To check this, we have : )
corrreJIated the predicted ?aquatio[; of s{:ge 3vcith the surface pressure-arlggg-)' Hence t-he S|mp|g brush model -Of polymer confinement by hydro—-
) 8 o _?)?mbu: interactions predicts that the bilayer surface pressure and elastic
isotherm measured for C18:0/1 in the liquid-expanded monolayer state Mrea modulus are essentially constants governed by the interfacial energy

the Work O_f Smat?y_ et al. (1994_1)' Plotted_ in _F_ig. 9, we see that thedensity v. Clearly, the energy density is affected by chain chemistry
correlation is surprisingly good, given the simplicity of the model. As the (unsaturation, etc.) and interactions in the headgroup region, which will

only parameter in the correlation, the prefactog(&;T/a;) was found to only appear relatively constant for a particular lipid headgroup.

equal 133 mJ/at 24°C. Un!ess cha}ractenzed by a similar inverse cube To derive the bending rigidity, we follow the approach used to analyze
dependence on area, there is no evidence of headgroup repulsion at Cloﬁﬁ)perties of block copolymer films (Wang and Safran, 1991; Dan and
Safran, 1994; Dan, 1999). In contrast to a copolymer film and solution at

equilibrium, we assume that the monolayers are kinetically trapped and

closed to exchange with the environment or each other, which is appro-

50+ O C18:0/1 ,’ priate for diacyl lipids. As described above, the energy functional for a
(Smaby et al., 1994) / monolayer includes the free energy of chain extension plus the interfacial

p energy associated with hydrophobic interactions,
Q

o
ogy whereg; is the area per chain at the water-hydrocarbon interfacesand
¢’ 3nkgT/2 is the harmonic chain energy prefactor. Applying the constraint of

o/ constant molecular volumeL§, = constant) to the curved monolayer,

304 ’ chain lengthl is related to area per molecude at the water-hydrocarbon

Y interface by simple geometry, with curvature as a parameter. The principal
curvatures;, ¢, describe orthogonal contours embedded in the midsurface
of the bilayer, which leads to

204 @ La, = al[1— I(c; + ¢)/2 + 13(c,c,)/3]

404 —--- LinearFit F=va + ex

Surface Pressure
(mN/m)

Q@ for a monolayer. Next, to simplify derivation of the bending rigidity, the
geometry is treated like that of a cylindey, (= c andc, = 0), and scaled

10- variables are introduced for areas a;/a., and curvatureg = cL. As such,

the packing constraint couples chain extension to curvature and interfacial

area,

x= (1/0)[1 - (1 — 2¢/a)*?]

’ Using this relation in the free energlf & (yaJa + ex?) and expanding to
quadratic order in curvature, we obtain the approximation

T 1

0 2 4 6 8 F =~ (yaga + e[1/a® + cla® + 5c%/4a’]

-

2 3 o ) . . .
(nm"“/Area) Minimizing free energy with respect to interfacial area per chain, we
establish the relation between interfacial area and curvature, i.e.,

FIGURE 9 Surface pressure-area isotherm of a C18:0/1 PC monolayer _ _ 3 4 5
in the liquid-expanded state at 24°C, taken from Smaby et al. (1994) and oF/5a=0= (yaC) 8[2/‘3 + 3cfa’ + 592/@ ]

replotted fpen circle} on a scale defined by the inverse cube of area PeTThen, introducing a Taylor expansion foralds a function of curvature,
lipid (~1/ared). The solid curve is the chain-entropy model for surface la~1lag+ (-)c+ ()22 +... ,7and again keeping terms to
pressure matched by choosing a mean Kuhn length<(2 nm) forthe two  qyadratic order in curvature, we obtain the minimum energy per chain for
(18:0 and 18:1) chains of C18:0/1 PC. The limiting area per chain and, cylindrically curved monolayer,

chain length for the altrans configuration were taken a& = 0.2 nn?

(Smaby et al., 1994) and = 18 X 0.125 nm= 2.25 nm. The polymer F = g[3/a2 + c/ad + ¢%2a’]

brush model predicts that surface pressure should vary as the inverse cube

of relative area per chain (i.ell ~ (a/a)®) scaled by the prefactor where minimization of free energy with respect to surface density sets
3L(ksT/2a.b), which was found to equal 133 m¥m lla, = (yad2e)? i.e., (2la)x® = 3n(kgT/a)x® = . (This is analogous
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to the equilibrium conditiodl = v for a flat monolayer.) Finally, the free Evans, E., and R. Skalak. 1980. Mechanics and Thermodynamics of
energy per unit area of a cylindrically curved bilayer is found from the sum Biomembranes. CRC Press, Boca Raton, FL. 254.

of upper/lower monolayer energies per unit area. The opposite curvaturesvans, E., and A. Yeung. 1994. Hidden dynamics in rapid changes of
of the monolayers eliminate the linear curvature term in the sum of bilayer shapeChem. Phys. Lipidsz3:39-56.

energies to leave a quadratic dependence on curvature, Faucon, J. F., M. D. Mitov, P. Meleard, I. Bivas, and P. Bothorel. 1989.
s Bending elasticity and thermal fluctuations of lipid membranes: theo-
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